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1~~f~~~J M3ST1~At ’T ~ f / 9f~Signif icant progress ha s. been m :idi ’ during the past tw o  years 

~~~~~~~

in the development. of millimeter wav e supercoudi~ct  ~~~ dev i e c s .
The present  s ta t u s  of b o l om et r i c  d e t e c t o r s  and r n i x & r ’~. .Tose p hson
e f f e c t  m i x er s , iu.~si p a r t l c i e  m i x t - r~~, .ind Josepli ’o~n e t  t e c t par.Ir’to t —

n c  amp l i f i e r s  w i l l  be r ec iewed .

IN TRODUC TI ON

The h i s t o r y  of hi gh f r e q u e n c y  ~n~ 1o~ super rondiictint , devices
has been one of an crnbarr assr~ mt  of  r i c he s .  H a n y  t y p e s  of  d~ v l r & ’ s
have been explored which h~ v.. Wo r~ c o r e  or I ess w~ 1 1 lii t i~e 1~~r(
few years , however , it. has b eccw i n c r ~. a sing l y c le a r  t h a t lie most

useful devices will probab1~ he h o e  that p e r f o r m  t h e  , onvcri i iooal

functions of detection, mixing and m p l i f i c a t i o n . The author 1 ,2

3 C,
and others have pub l i shed  r ev iews  whic h  describe mn iiy of the  con—
plexit ies of th is  subject. The t rat  eria l in these r ev i e ws  remain~ :~generally valid. The purpose of th e  p r e s e n t  ar t i  I c  is t h e r e f o r e  .;

to report on progress made s inet~ 19,6 .
,~. .9

SUI ’EUC ’JNPP I N ( : l OLO’1E’1Et~S

A complete descri pt ion boo b.. .  pubi ished of the deve I opl.~ent .  of ~-
‘

~ ~~~

superconducting bo lomete rs at BerT ’e ley .  Large area (0.16 c m )

slow (r — 83 ms) sensitive (NEP + 1.7 10 ~ W// Hz )  bolemeters .—
have been made for  use as square law (power) de t e c t o r s  at millimeter 

.

and submillimeter wavelengths. The thermometer Is a superconducting
W Al. film operated at its transition temperature of 1.3K , which is

• AC biased and read out through a brid ge circui t and a step up tran~;—
I’  former. The rad iation is absorbed in a Bi film on the back side

of a sapphire substrate which a lso  supports t h e thermometer Ii in.
The aubmillimeter absorbtiviiy has been shown to be 53 ~ 5 percent
compared with a theoretical value of 50 percen t. This bolomeler was
the first one reported to approach the theoretical noise limit set
by thermodynamic energy fluctuations. Recentl y similar composite /
bolometer structures with semiconduct lug thermometers

5 hav e given

comparable results at He
4 

temperatures and significantl y better

results at He 3 temperatures. The status of development of these

Miork supported by the U.S. Off ire of Naval !~esca r ch.
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devices is summarized in Table I.

Table I Performance characteristics cf  4 x 4mm composIte bolometers

Thermometer Superconducting i\1 Ge:Ga Ce:lu:Sb

Bath Temperature (K) T 1.27 1.2 .35

Therma l Conductance~.4/K)~ 2 x 6 x i0
8 

1.7 l0~
Time Constant (ms) ( 83 25 6

~~~cL t ~~1 N ~! ~~~~~~~~~~~~~~~~~~~~~ ____ 
3 x 1 0 ~~~

’ 
- -  

6 X 1 O ~~~’

Exp l o r a t o r y  e x p e r i m e n ts  have been carried out recentl y
6 

at
Berkeley to invest [gate the use of the superconducting boiomete r as
an e f f i c ien t  thermal heterod yne m i x e r .  Such a devIce is a b l e  t o
operate at any RF frequency that can be coup led into it . The 11’
bandwidth is limited to  the t he rm a l  r e l a x a t i o n  f r e q u en c y .  I t
should therefore be similar i n  operation and app]i ations to t h e

InSb hot e lect ron  mixe r
7 

which  has found uses in r a d i o  a s t r o n o my
at near m i l l i m e t e r  wavelengths  despite its limi t ed IF bandwid t h of

311Hz. Another possible app licat  len is to nea r—mi l l imete r  radar
where the bandwidth required is s m al l .  The therma l r e l a x a t i o n
frequency can be selected over a wide range . A bandw id th of a f ew
MHz can be obtained with a thin film structure immersed in super—

4 8f lu id  He , or impedance matched to a subs t r a t e .  In s t r u c t u r e s  ste- l i
as point con tac t s  and va r i ab le  th i ckness  b r i d ges , where  t h e  exci ted
quasi par tic ies  escape into the s u r r o u n d i n g  met a l , much h i g her re-

laxat ion frequenc ies and there fo re  IF ba ndwid ths  are  ex pected .9

Thermal ri lxin~ has o f t e n  been ~~~~~. - r ~ j f l  heating doroinated Josep hson
s t r u c t u r e s .

For a low noise  mi xer it is necessary to a p p l y  a la rge  enough
local osci l lator  power to o b t a i n  a power convers ion e f f i c i e n c y

= 

~IF’~S 
> 0.1. The impedance swing, f rom the  s u p e r c o n d u c t i n g  to

the normal state is in fact large cnough to achieve r~ 1, if
therma l runawa y can be avoided . Therma l runaway occurs  in  a cur-
rent biased superconductor because t h e  powe r dissi pate d by the b i a s
increases with increasing te mperature . The best results that have

been achieved thus far 6 with Al film mixers in superfluid He is
0.04 and BIF 1111hz. These values arc not yet competitive , but

no firm limi t has been reached.

JOSEP HSON EFFECT MiXER

The use of a J osephson e f fe c t  mixer  w i t h  external local usd 1—
10 ,11lator 35 a harmoni c mixer for frequency comparison is the onl y

case in which a Josephson effect high frequency device has ever
been used in a practical application for which it was the optimum

- ~~~~~~~~ .. 
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• device . Recentl y there has b ‘ c c .  cou• ;  1cT ~~r 1b1 i hope t h a t  p o i n t
contact Josephson j u n c t i o n  m i x e r s  o p e r a t e d  w i t h  ~.c ex t r n ; c l  l o c a l
o — c l l l . a t o r  w i l l  ,e~ ye as p r e t  i ca l  efficie nt. low noise receivers
fo r  nea r — m j l U r ~~t e r  w a v c h c ~ ;-~ t -

Table I! s1co~:s e x p~~r i r , e1 . ~ a l  ~~~~~lt s  f o r  mi xer n e i s e  t e m p e r a —
12 — 1 3tur e  obta ~~~ d b y several  ~~~~~~~~ a - e~ ‘- o f  f r e q u e n c i es .

Table II M i x er  no i se  t e n i p e r a t i c r e  l~ of several  poin t  c - ’n t a c t
Josephson e f f e c t  m i x e r s  compared w i t h  t h e  t h e o r e t i c a l  pr edh  l i o n

• of 4O T
eff

I rcquency (Cllz) Tcncperature (K) 40 T f f  (K) Experimental T~ (K)

36 j . Li 66 54
120 6 266 120
130 4 . 2  209 180
4 32 

- - 
4 . 2  /~65 4 00— l 000

The Goddard  work 13 
at 130 GHz i s  of p a r t  icuLa r in t er e s t  because  i t

emp loys  p o i n t  con t a c t s  w h i c h  can  be r e c y c l e d  r epea t  ed ly  w i t h o u t  a
~-n g n i i i c a n t  change in t he ir  ch ar  I er i st  ic s .

in order  to unde r s t and  the  o p t i m i z a t i o n  c f  t h i s  d e vic e  q u a n t i —

t o t i ~‘~lv !6 an ana~ og lunet 10cc simu la tor  has been used t o  compute
th~ d e t a i led  e x p e r i m e n t a l  p~~r a i c c t cr s  of an eq ic iv a l en t  c i r c u it  w h i c h
is chosen to re~~ crent the act ica I ii: L- .~ r as c l o o c . ly  as posaible .
~1 he r e s i s t  I ye  l y s h u n t e d  j u n e t  i on  mo de l  is  imbeded i n  a ser ies  r e s—
c c i I . i t R1 i f i p u l  c i r ~~~~i t  w i t h  sL:. n t i  and l o c a l  o s c i l l a t o r  source

osi n~~.ince R~~. T u e  DC b i a s  i r - c c  it  iS decoup i cii at RF [requcnt: i es

by aa i n d u c to r .  ~ cc i se is rt - l cc c ’-~~- c c t  ed b y an e ( l c!  iv a l e nt  qc i as i p a r t i c  I
2

n oj  se c u r re nt  source  whi I -
~~ , h i s  the  f o r m  I = 2 k T h / p  i n  t h e  therma l

l im i t  when 2kT -~h~ and ~ 
2 = hvI~/ R i n  t h e  pilot Ofl l i m i t  when hv - > 2kT.

n
Here B is t i t e  b a n d w i d t h  and Ii t h e  j u n c t i o n  s h u n t  r e s i st an c - e .
Qoas [p ar t  ic Ic shot  noist  is  not im p o r t  a id  I n  t h i s  d e v i c e  since
h~r eV. 1 her e  i n  some unrc ’ r t a i n t  ‘~ ;ci ou t t he ne ed f or  an a d d i t i o n a l
pair  sho t noise t e r m  in t h i s  si n~t i l a t  i ’ cc  . T h e  po in t  c o n t a c t
junc t ion  is not w e l l  en ou gh i  l O ; a c - t  e r i z e d  to answer t h e  q ue s t i o n
theoretlrihl .y and the c~~p er i m & ’n t a 1  e v i d e n c e  appears  t o  he con t ra—

12 , 17d i c t o r y .
In the s l n c i , ] a t i o n , the  o u t pu t  i s  r ep re sen t ed  by an equ iva len t

c i r cu i t  c o ns i s t i n g  of an iF c u r r e n t  g e n e r a t o r  in series w i t h  t i le
dynamic re si s tac icv  of the j u n h t  i o n .  Ouu impor t  ant  r e s u l t  of the
s i m u l a t i o n s  Is  a value  f o r  t lie ~qu Iv a l e n t  o u t p u t  n o i se  cu r ren t

1 ~ — ~~l ~ in th e  t he rma l  l i m i t  c u d  y 2 1 2 in the  photon  l i m i t .

if the input coupling is weak (li
5~~ 4k) then  (~‘ and Y are  n e ar l y 

~~~~~~~~~~~~~~~ 
-
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identical functions of the normalized frequency 0 hv/2eI
~
R

over the range 0.1<0<1. Experimental measurements of 02(0) for

weakly coupled junctions at 36
12 

and 130 GHz4 lie with in a factor

2 above the calculation for 0.1<Ot. l . The similarity of t~
2 ( i z )  and

t
2(o) shows that the noise In the photon l imi t cai-, be represented

by replacing the ambient temperature T by an effective t emperature
hv/2k when ho>2k.

For efficient mi xer operation It Is necessary to couch’ th e
junction relatively tightly to the input RF circuit , so that
l<(Rs

/R)<4. In this case the mixer performance becomes a comp lica-

ted function of nearly all of the mixer parameters. The simulator
was used to explore the parameter spare to predict conversion ef-
ficiency and mixer noise temperature for the assumed equivalent c - i r ~
cult. Conversion efficiencies > 0.3 are available for O.1<p<1 . The
be3t value of single—sideband mi xer noise temperature computed was
T 40T (0.1<0<1) where T is the larger of the  amb ien t  t emp—

H eff eff
erature or hv/2k. The theoretical predictions a~e’- concpared with
experiments in Table II. Although these experimental result-s rep-
resent the lowest mixer noise temperatures reported in this frequen-
cy range , the margin of improvement over cooled conventiona l
Schottky diode mi xers Is not very wide . It is of importance for
the future Josephson mixers to obtain better results. The simula-
tions do not preclude the possibility of T,~ < 40T, if a more favor-

able mixer circuit is discovered , It may be that this has occurred

in the work at 120 GHz)3

QUASIPART 1 LE MIXERS

The I—V curve for quasiparticle t i in n eU n g  in superconductor- -
insulator—superconductor (SIS), superconductor—insulator—normal
metal ( SIN) , and superconductor—insulator —semiconductor (super—
Schottky) junctions has sharp enough curvature that their use In
classica l mixers and detectors is very promising. The supe r—
Schottky is the most extensively explored device of this type. The

mixer noise temperature of T
M 

6K and Video NEP = 5 x lO 1
~ WI/liz

observed at X—band by the Aerospace group 18 
are an order of magni-

tude better than has been observed w i t h  any other diode. As with
the conventiona l Schottky diode , the limit to the operating frequen-
cy is set by the discharge of the junction capacitance through the
series (spreading) resistance in the semiconductor. The cut—off
frequency has been quite low in the super—Schottk y diodes used t h u .s
far. Super—Schottky diodes with very thin single c rystal SI as the

semiconductor layer are now being fabricated ’9’
20 

which arc expected
to extend the operating range of these very promising devices to
higher frequencies.

—• —-— — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ g~_, .a._._~~__ 
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21Prelimina ry experiments have begun  at Berke ley and B o u l d e r
to explore the properti es of class~~- .ii m i s i T ~~’ i n  S I S  and  S I N  t u n n e l
Ju n c r ~ ons. ‘rh~ 515 casc h. is a r ,~c~r curvat ~~ i n  t h e  I — V  cu rve , bu t
is compi I. ~u -~~~ l y the J i - ’.t L - n  ~-f ~. - t . It is n ot  p r o n i  s in g  to  use
an SIS tunnel junction as a Jc -;~h ’- o u  mi  ser w i t h  an e x t e r n a l  l oc a l
oscillator bec.;io-~e j u o c t  t u b s  w i t  I f  ‘- ~~~ c u r ren t du n s i  t y  t o
e l iminate  the  h y s t e r e s is  on t o~ I— ” cu rve  ate not y e t  a v a i l a b l e ,

and the bystt-retlc Josephson mixer is rather noisy. Onl y a
moderate critical ;r Le nt d en s i t y  is r e q u i r e d , however , t o  make a
classical mixer at milli m eter wavelengths. It appears to be
sufficient to m-~ke the capa c i tat lye reactance of th e  shunt
capacitance at the operating t re~~ct -i i y l ar g e  compa red  w i t h  t h e
norma l rt-~sistance of the junction. Ibis occurs at 36 ( .Hz in Pb—Pb

junctions with a current density of ~‘ 3OOA/cn’
2
. Another require-

ment is t h a t  the  j u n c t i o n  r e s i s t a i  c be l ar ge  enoug h to match
easily to the RF and microwave ci r ( - u  it s . Junction r e s i  btanres
In the neighborhood of 1000 are av .tilablc w i t h  j u n c t i o n  d im e n s i o n s
of a few ~;m .

When an increasing local o r c i h l a t e r  power is app h i r d  t o  an SI S
j unc t ion , Josephson st € p c  n a ’.c out  t l a r g e r  vo l t  ge~~. Wh en the
Josephson s t e p s  appear  near  t h e  knce  in  the  q ua s i p a r t i c l e  t u n n e l i n g
curve , which  is the  DC b i a s  p o i ct  C o~ :C f o r  t h i s  mi\t ’r , th en
s t rong  Josep hson m i x i n g  e f f e c t s  ar .  seen.  Th i s  occurs when the
swing in the  local o s c i l l a to r  vol  t~~f ’c U; wide  enough to  i n c l u d e
zero voltage . For s m a l l e r  a m o u n t s  of lo ca l  o s c i l l a t o r  power , t h e
i—V curve  in  the  ne ig hborhood of t h t . b i : ;s  p o i nt , i s  d o m i n a t e d  b y
photon a s s i s t ed  t u nn c f l n g  e f f e c t  ;iici e- ;scnt ial ly classical mixing

pheftom&’na are s~ ~ n .  A l  t h i o u ~’h t h rd ‘:c- r no l  so in t h i i s  ccodc appears

to be qoi  te low ,
21 

d e ta i l e d  r:e - ~t i r ~-Ip on1s have not  ye t  be en made .

F~~TERNALI~Y P~~4PE D l’Al~~ IET R I C AMPL I FI  ER

2 3 2Josephson effect parametric amplifiers with both internal
and externa l pump have been explored. Th ere has been more progress
with the externall y pumped devicc~ recentl y so t h i s  discussion will
focus on them.

We first consider the fou r  p h i o t  o i  dor i b l y d e gen er a t e  p a r a m e t r i c
amplifier or SI J PAR AIIP i n v en t e d  b y ( l i i i o  w h i c h  has t + ~~

Detailed theoret ical Invest i g a t io ns  of t h i s  device have been c a r r i e d
- . 25 26out by Chtao and h i s  coworkers  a t  B e r k e l ey  ba sed on t h e  assump-

t ion tha t the Josephson e l e men t  is i~I~ v o l t a g e  b i a s e d .  A l l  of the
early e x p e r i m e n t a l  work , however , was  c a r r i e d  out w i t h  se r ies  ar r a y s

25 27of Dayem b r idges  or p o in t  contacts w h i c h  were T~F current biased .
Efforts have been made to produce an a d e q u a t e  t heory of t he  c u r ren t

biased device.
27 

Significant gain has been observed at frequencies
28

as high as 86 GHz , but the gain Is accompanied by ampl i fied
junction noise which appears to he related to phase Inst ab ilitie s

t
- _. - — — -~ ——- —--- —. —a—- _
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29
that occur when the RF current exceeds I

C
A new experimental approach has been made by the C.othenberg

group3° who have operated a SUPARAN P constructed ft-on a series
array of tunnel junctions. This device is used in a mode i n whic h
each junction is RF voltage biased by the p; r~ 1lel junction capaci-
tance. A magnetic field in the plane of the junctions is used to
adjust the amplifier to an operating point with large (non—reentr;nt )
gain. Very good agreement is found be tween  the p e r f o r m a n c e -  of t h i s

a m p l i f i e r  and t h e  theory of the voltage biased SUPARNII’.
25

An entirely separate line of deve lopment  of e x t e r n a l l y  pumped
Josephson param et r i c  a m p l i f i e r s  has been pursued b y the  g roup  at
the Tr ’chn ic ;c I  Univorsity of Denmark .  T h i s  work s t a r t e d  w i t h  the
discovery  made us ing  a j un c t i o n  s i m u l a t o r  t h a t  when a t u n n e l
j u n c t i o n  is pumped a t  twice the  Josephson p la sma  r e sonan ce  f r eq u en c y

then ~c p a r a m e t r i c  o s c i l l a t i o n  is e x c i t e d  at

The proper t ies  of a th ree  pho ton  s i n g l y  d e g e n e r a t e  p a r a m e t r i c

amp l i f i e r  w i t h  W p °S 
+ were then c a lc u l a t e d . 31 Si g n i f i c a n t

gain has r e c e n t l y  l een observed a t  X — b an d  u s i n g  a s in g l e  Josephson
32

t u n n e l  j u n c t io n .
The use of tunnel  j u n c t i o n s  In Josep hson hi gh f r e q uen c y

devices can be considered to be a f a v o r a b l e  d e v e l o p m e n t  because  they
are wel l  c h a r a c t e r i z e d  and have ~ inLma l hea t ing  e f f e c t s .  I t  can be
a n t i c ipated tha t  the  heavy i n v e s t m e n t  In Josep hson e f f e c t  c o m p u t e r s
will  make s t ab le  r ep r o d u c i b l e  t u n n e l  j u n c t i o n s  a v a i l a b l e  w i t h  a w i d e
va r i e ty  of j u n c t i o n  pa rame te r s .
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